Abstract. The Myb family of proteins is a group of functionally diverse transcriptional activators found in both plants and animals that is characterized by a conserved DNA-binding domain of approximately 50 amino acids. Phylogenetic analyses of amino acid sequences of this family of proteins portray very disparate evolutionary histories in plants and animals. Animal Myb proteins have diverged from a common ancestor, while plants appear related only within the DNA-binding domain. Results imply a pattern of modular evolution of the Myb proteins centering on the possession of a helix-turn-helix motif. Based on this it is suggested that Myb proteins are a polyphyletic group related only by a ''Myb-box'' DNA-binding motif.
Introduction
The Myb family of proteins is a group of functionally diverse proteins found in both plants and animals. The distinguishing characteristic of the family is possession of a consecutively repeated conserved domain of approximately 50 amino acids. Myb family members are known to have diverse functions. In animals these proteins are transcriptional activators involved in the regulation of cell proliferation (Introna et al. 1994) and, as such, they are known as proto-oncogenes. In plants, Myb proteins are involved in control of numerous biosynthetic pathways most commonly including anthocyanin production, flavonoid production, and trichome differentiation (Paz-Ares et al. 1987) .
The Myb domain binds to a specific DNA sequence (C/TAACG/TG, for most organisms) that is closely related to the E-box hexanucleotide. Once bound, Myb proteins function to facilitate transcriptional activation (Biedenkapp et al. 1988) . This is sometimes a function of a downstream region of the protein itself, or it may be accomplished by an interaction with a protein partner (Goff et al. 1992) . The Myb domain occurs as consecutive tandem repeats of about 50 amino acids located near the protein's amino terminus (Howe et al. 1990; Sakura et al. 1989 ). There are generally three repeats in animals and two in plants, although proteins have been identified that contain only a single repeat unit (Baranowskij et al. 1994; da Costa et al. 1993; Lugert and Werr 1994) . Critical in the formation of the tertiary structure of the conserved Myb motif is a series of constantly spaced tryptophan residues (Anton and Frampton 1988; Kanei-Ishii et al. 1990 ). These tryptophan residues are central to the formation of a hydrophobic core of amino acids which, in turn, is required in the protein's sequence-specific DNA binding (Ogata et al. 1992) . Gabrielsen et al. (1991) suggested that the second and third repeats ( Fig.  1) form a helix-turn-helix (HTH) with similarity to the HTH motif of the homeodomain-containing proteins. The HTH motif has since been shown to bind directly to the major groove of DNA at five specific amino acids (Ogata et al. 1992) . Furthermore, Carr and Mott (1991) have shown some similarity between the c-terminal re-gion of repeat 2 and the basic DNA-binding motif from leucine zipper proteins (i.e., c-Jun, c-Fos, Fra-1, and ATF proteins).
In animals, at least three functionally distinct Myb proteins are currently known, i.e., A-, B-, and c-Myb. While the major domains of these three proteins are highly conserved (Fig. 2) , they differ considerably in structure, function, and tissue localization. The most completely characterized protein of the group is c-Myb, which is involved in the regulation of proliferation and differentiation of immature hematopoietic cells (specifically T-lymphocytes) (Duprey and Boettiger 1985) . BMyb, which is more broadly expressed, is believed to be a cell-type-specific transcriptional activator (Mizuguchi et al. 1990) , possibly with the ability to down-regulate c-Myb (Foos et al. 1992) . A-Myb is expressed only in testis and peripheral blood leukocytes. In testis, A-Myb expression increases during the proliferation of spermatogonial cells, while in T-lymphocytes A-Myb appears uncorrelated to cell proliferation (Takahashi et al. 1995) .
Within invertebrates, Myb homologues have been reported only in Drosophila (Katzen et al. 1985) . The DNA-binding domain of Drosophila Myb has been shown to interact with the same DNA sequence as in the vertebrates; however, the function and targets of the proteins are unclear (Madan et al. 1995) . Yeast sequences vary greatly throughout all regions of the protein, varying in the number of tandem repeats from one to three and in the presence or absence of the other downstream domains.
In contrast to animals, plant myb homologues are structurally and functionally more variable. For example, Petunia hybrida contains between 20 and 30 different Myb homologues (Avila et al. 1993) and recently 14 different Myb related cDNAs were characterized in the tomato, Lycopersicon esculentum (Lin et al. 1996) . Unfortunately only a small subset of these has been sequenced. In many plants, Myb protein expression is localized to specific tissues and the proteins function primarily in the regulation of specific biosynthetic pathways (e.g., anthocyanin pigmentation, flavonoid biosynthesis) (Paz-Ares et al. 1987) . Exceptions can be seen in a number of Myb homologues involved in the determination of cell shape.
Because of their structural and functional diversity, Myb proteins offer an excellent opportunity to study the evolution of biochemical pathways and their integration into complex developmental cascades. In this report, we describe a series of phylogenetic analyses that explore the interrelationships among 42 Myb proteins from both plants and animals. In these analyses we seek to test the null hypothesis-that the Myb proteins are a homogeneous, monophyletic, evolutionary lineage.
Materials and Methods
Herein, we examine protein sequence variation in 42 Myb proteins (28 plants, 12 animals, one yeast, one fungus). This is a subset of sequences culled from over 80 proteins and chosen to represent the major evolutionary lineages among plant and animal myb sequences. Redundant alleles and sequences with only slight similarity were removed. The amino acid sequences were aligned using the ClustalW algorithm (Thompson et al. 1994) followed by improvement by eye. Neighborjoined trees (NJ) (Saitou and Nei 1987) based on the p-distance (fraction of sites that differ) were constructed. A number of other distance measures including the Poisson and Dayhoff distances were examined; however, they showed no significant topological difference over results obtained from the p-distance. Hence, we have employed the simpler metric. Gapped sites in the alignments were deleted in a pairwise fashion. Finally, 500 replications of the nonparametric bootstrap were performed to measure statistical reliability of the topology. Trees were constructed for (1) the conserved DNA-binding domain, which includes amino acids 12 through 104 in the Maize c1 protein, and 38 through 262 in the human c-Myb protein; (2) the individual 52 amino acid repeats; (3) the transcriptional activating region of vertebrates encompassing amino acids 295-356; (4) the flanking regions, which were defined as anything downstream of the DNA-binding domain not assigned to a known domain; and (5) the entire protein sequence.
Results and Discussion
The NJ tree of the entire Myb protein sequence (Fig. 3 ) reveals strikingly different results for animal and plant Ogata et al. (1992) sequences. The topology for the animal sequences is highly ordered and represents a paralogous pattern of gene divergence. That portion of the tree relating to animal Myb sequences is statistically strongly supported (all bootstrap values >95%). The topology suggests that evolution of Myb in vertebrates began with a single common ancestor. The first gene duplication event produced two lineages, the B-Myb lineage and the combined A-Myb and c-Myb lineage. A second gene duplication formed the separate A-Myb and c-Myb lineages, resulting in the current distribution of animal myb sequences. The lack of multiple proteins for a single mammalian species within each defined vertebrate lineage suggests that the two duplications described were the only duplication events in vertebrates.
There is one distinct amphibian Myb protein in each vertebrate lineage, suggesting that the relevant myb gene duplications occurred prior to the origin of amphibians approximately 360 million years ago (Benton 1990 ). However, the amphibian sequences are from Xenopus laevis, which is known to be tetraploid. Thus, we should expect two sequences per lineage. This omission suggests that either one of each of the duplicated Myb homologues was lost or there has been an inadequate pattern of sampling in Xenopus. The sequencing experiments in Xenopus to date have been based on either a cDNA or a partial genomic library (Amaravadi and King 1994; Bouwmeester et al. 1992; Sleeman 1993) . Under these circumstances, it would be reasonable for untranslated Myb homologues not to have been identified as yet.
The highly structured phylogeny seen in animal sequences differs significantly from that seen in plant sequences. In plants, most lineages represent divergence events occurring deep in the tree and having low statistical support. Only 14 of 24 plant clades have bootstrap values >50%, and of these many represent recent duplications. The phylogenetic signal-to-noise ratio for the entire plant portion of the tree is low, which confounds attempts to deduce evolutionary relationships among plant sequences. Thus, the Myb phylogeny in plants yields few evolutionary insights.
Orthologous genes are defined as homologous structures determined by a common ancestral gene present in the most recent common ancestor. Within the Myb proteins in plants we would expect that the proteins involved in the phenylpropanoid pathway and the others involved in determination of cell shape would form two orthologous groups. The cell-shape-determining proteins would seem on the surface to be appropriate candidates for orthologous origin. An Arabidopsis homologue, Glabra1 (GL1), regulates leaf trichome cell differentiation (Oppenheimer et al. 1991) , and similar to this, the MIXTA protein in snapdragon, and the Ph1 protein in petunia, both control the shape of petal epidermal cells. Recent evidence has suggested that the conical shape of petal epidermal cells is in fact a precursor form of petal trichomes that lack the necessary genes to complete trichome development (reported in Martin and Paz-Ares 1997) . In fact overexpression of MIXTA or Ph1 can cause a mimicking of the phenotype of the Gl1 protein. This implies that MIXTA, Ph1, and Gl1 are orthologous genes. No common ancestry was found when comparing these proteins; in fact, Gl1 is found on a completely distinct clade of the phylogeny away from both MIXTA and Ph1. Similar results are seen when we look at the Adapted from Takahashi (1995) and Bishop et al. (1991) . known members of the phenylpropanoid pathway. Overall, we see no correlation between the functional definitions of the plant Myb proteins and their corresponding positions in the phylogeny.
The plant data predominantly reflect angiosperms; however, a gymnosperm sequence from spruce and a bryophyte sequence from moss are placed with high statistical support within angiosperm lineages. This suggests that the sequences might be ancient and the duplication and subsequent divergence occurred prior to the divergence of the plant phyla. There is only one lineage in the plants with sufficient statistical support to be considered a distinct group. These include sequences from cotton, snapdragon, barley, tomato, and maize, and these sequences have a common ancestor statistically distinct from other plants. Unfortunately, most of these proteins are poorly characterized in terms of function and specificity, making it difficult to infer attributes of the group as a whole.
Evolution of the Motif
The NJ tree of the conserved motif (Fig. 4) yields the same topology as the tree for the entire Myb sequence. However, there are shorter branch lengths due to the greater sequence similarity within the conserved motif compared to the entire sequence. There are few topological differences from the tree of the entire Myb sequence, and those that occur can be accounted for by the low statistical support for deep branches of the plant topology. The plant portion of the DNA-binding domain tree shows three possible evolutionary groupings, although only the lineage described for the phylogeny of the entire sequence has high enough bootstrap values to be considered statistically significant. Despite the fact that we are now looking at the functional unit of the protein, meaningful functional inferences from the plant phylogeny are still difficult to determine.
Evolution of the Tandem Repeats
As noted in the introduction and in Fig. 2 , the DNAbinding region consists of a set of tandem repeats of a 52-amino-acid motif. There are three repeats in animals, one or two in plants, and anywhere from one to three in yeast. These repeats were separated and analyzed as distinct entities (Fig. 5) . Unfortunately, when the tandem repeats are separated, the reduction in the number of amino acid sites per taxa diminishes much of the support for the tree. Nevertheless, it is possible to gain some insight into the deep structure of the topology. A schematic of the phylogeny of the individual repeats shows early divergence of the ''III'' repeat, which is a combination of the animal's third repeat and the plant's second repeat. Next, a duplication occurred that created the animal Myb's first or ''I'' repeat, which diverges from the plant and animal Myb's ''II'' repeat, which combines the plant's first repeat with the animal's second. The placement of the animal's first repeat suggests that the duplication occurred prior to the divergence of plants and animals. This suggests that the plant Myb ancestors had three repeats but that the first repeat was lost. Also significant on this phylogeny are the single-repeat Myb homologues; these sequences are most related to the ''III'' or last repeat. This placement is concordant with that reported by Bilaud et al. (1996) .
From the alignment of the repeat units it is possible to determine a consensus sequence of the Myb protein's tandem repeats (Fig. 1) . Using the individual repeat tree as a guide, the repeats were divided into three groups based on their homology. Group I consists of the first repeat in animals and yeast. Group II consists of plant and fungal repeat 1 and the second repeat of animals and yeast. Group III consists of plant and fungal second repeats and animal third repeat. Each site is associated either with an exact conserved amino acid or with a conserved chemical property at the site (i.e., hydrophobicity, basicity, or acidity). Examination of the resulting conserved sequence reveals an interesting correlation between conserved sites and sites known to be chemically critical to the function of the protein. There are 11 amino acid sites in each repeat known to be involved in forming a hydrophobic core that brings the HTH motif in the proper orientation with the major groove of DNA. In the consensus sequence, eight of the 11 sites are conserved either to a specific amino acid or a single chemical property. Similarly, in the third repeat, the five amino acids in direct contact with DNA are conserved-four of them constrained to a specific amino acid and the other to either serine or theonine. In many of the identified sites the amino acids neighboring the conserved site have no recognizable consensus. These observations led to the conclusion that there is a strong correlation between functionality of an amino acid site and its conservation through evolution.
The Downstream Domains
Phylogenetic analyses of the transcriptional activating region of vertebrates (not shown) gave trees with topology identical to the animal sequences of both of the previous trees. There were slightly larger distances than the conserved domain tree due to the lower similarity in this domain compared to the conserved DNA-binding region. No region of the plant or yeast sequences showed any significant homology to this region, suggesting that this region of the protein may have evolved independently of the common vertebrate ancestor. The fact that the yeast sequence is missing this domain supports this hypothesis.
The tree of the flanking region of the Myb proteins (Fig. 6) is affected by the enormous dissimilarity between flanking regions of the protein. The animal se-quences are still very ordered with strong statistical support. Along with this, the one distinct lineage in the plant sequences is still fairly recognizable. Outside of these two groups, however, there is no discernible structure to the topology: Most of the other sequence relationships are in deep nodes of the tree and have very low bootstrap values (as low as 2%). Additionally, the deep node topology observed in these sequences is vastly different than the topology seen in the other analyses. Specific inconsistencies include a number of plant sequences that are considered to be more closely related to animal sequences than to other plants, both the yeast and fungal sequences placed inside the plant lineages, and sequences created by recent duplications now with very low similarity (i.e., Myb340 and Myb305 of snapdragon). It must be noted that although these relationships are unique to this phylogeny, none of the relationships are statistically well supported. The two single repeat sequences (BPF from parsley and IBP-1 from maize) were omitted from this phylogeny as their flanking regions are upstream of the Myb repeat and bear no homology to the downstream flanking regions of the other Myb proteins.
It is also important to note that for all for the analyses except the phylogeny of the flanking regions the fungal sequences (CDC5 and FlbD) were placed outside of both the animal and plant lineages.
Conclusions
Protein families are often categorized as the result of the possession of conserved functional motifs common to a diverse array of proteins. This is certainly the case with the Myb proteins, so named because of the common possession of an approximately 50-amino-acid motif. In animals, the Myb proteins are involved with cell proliferation while in plants the Myb protein is involved in a number of functions including pigmentation and cell shape determination.
Phylogenetic analyses of the Myb family of proteins produce quite different results for animals and plants. In animals, where Myb is involved in cell proliferation, an orderly pattern of divergence is seen. The control of cell proliferation is probably under stringent control throughout development, since it is well known that deregulation of cell proliferation genes often leads to neoplasia. Consequently, strong stabilizing selection can be expected to operate on these genes and their resultant proteins. The tree of the animal Myb proteins has a well-defined topology that is statistically well supported. There has been little evolutionary divergence in the functional domains in the animal protein.
In plants, Myb proteins appear to be involved in regulation of biosynthesis (i.e., anthocyanin, flavonoids, etc.) and in the determination of cell shape. However, the function and sequence of many of the identified plant Myb homologues are unknown, and the basis for the great diversity among plant Myb proteins is poorly understood. With the exception of the DNA-binding domain, no domains of the protein are conserved between plants and animals. Plants themselves have few, if any, conserved domains downstream of the DNA-binding domain. What is known about the plant proteins is that many of the described proteins are regulators of the phenylpropanoid biosynthetic pathway (from which both anthocyanin and flavonoids are products). The proteins' role in the pathway is complex; Myb homologues have been implicated in the regulation of nine different steps within the biosynthesis from phenylalanine. The pattern of regulation is not consistent between species. For example, a maize Myb homologue C1 has been shown to be involved in the regulation of five different steps in the pathway; no other Myb protein has been shown to control these specific steps by itself in any species. This may suggest either an inadequate pattern of sampling in the plants or that the proteins utilized in the pathway do not share common evolutionary histories. C1 has the additional distinction of being known to require a direct interaction with a helix-loop-helix protein called R in order for transcriptional activation to occur.
As shown, plant Myb proteins exhibit a great degree of seemingly nonsystematic divergence making evolutionary insight difficult. There is little correspondence between the gene tree, the species trees, and the known function of the proteins within the plant phylogeny (e.g., spruce and moss sequences placed within angiosperm lineages and the disparate placements of the MIXTA and Gl1 proteins). Plausible reasons for this nonintuitive pattern of evolution include:
1. The origins of the myb genes precede the origins of the major plant phyla. 2. The proteins have diverged in a way such that convergent and reverse mutations may have introduced so much noise into the sequences that any phylogenetically significant sites have been obscured under the noise. 3. Exon shuffling within the DNA-binding region has occurred, causing a difference in the pattern of divergence between the species and the myb genes. 4. The plant sequences share a common ancestral sequence only within the conserved DNA-binding region.
The available plant data are dominated by angio- sperms. For this reason, it is difficult to disprove either of the first two hypotheses. As a transcription factor it is probable that the Myb protein is older than the plant phyla. It is, however, unlikely that all of the significant duplications occurred prior to plant phyla origins. To comment on the second hypothesis, the highly conserved nature of the DNA-binding domain would seem to contradict the effect of divergence-induced noise on the topology of the protein. However, the plant Myb's role in regulating different reactions in the phenylpropanoid pathway is interesting when viewed from a phenotypic perspective. Each alteration to the pathway can create an entirely different pigment. The competitive nature of the myb proteins along with their prevalence in so many of the intermediate reactions may allow the entire system to adapt in a relatively short span of time. The question remains as to how such a complex pathway could come into being with only one protein family as its predominant regulator. Nonhomologous recombination between similar regions of genes causes duplications or exchanges of genetic material. If genes contain introns, these introns become hot spots of homologous and nonhomologous recombination, causing movement and exchange of exons between genes; this mechanism forms the basis of the so-called exon shuffling hypothesis (Gilbert 1987) . This type of exchange can over time bring about a similarity between genes that would have otherwise been lost to divergence and drift. The Myb family consists of multiple proteins per family, each of which shows great sequence similarities within certain well-constrained domains but which are highly divergent without. Therefore the exon shuffling hypothesis would seem to lend itself well as an explanation of the differential levels of conservation of sequence seen in the domains of the Myb family. To further investigate this hypothesis we have examined the exon structure of the Myb proteins and its relationship to the known conserved functional domains of the protein (i.e., tandem repeats, HTH motifs, and transcriptional activating domains). Our examination has yielded no obvious correlation between the boundaries of the known exons of the Myb proteins and the evolutionary pattern of divergence of the functional domains. We conclude that exon shuffling has not contributed to the irregular pattern of homology observed between Myb proteins.
The fourth hypothesis (that the sequences are only related in the DNA-binding domain) can be analyzed statistically. Simple tests of similarity against a null hypothesis of a 5% random match rate are invalid since both amino acids and gapped positions in an alignment are not randomly distributed. The actual base match rate can be higher or lower depending on the amino acid composition of the sequences examined. Consequently, some form of randomization routine is necessary to find the correct level of base similarity between proteins.
We are currently developing a sequence randomization routine that allows for the creation of multiple sequences with the same base amino acid composition as the original Myb sequences. After alignment and distance estimation an average similarity between the new sequences is then estimated. Numerous repetitions of this routine produce an average base level of similarity between both sequences and lineages of the topology. Preliminary results using this approach suggest that among the plant sequences there is a level of residual sequence identity in the regions beyond the conserved tandem repeats. Between plants and animals, however, there appears to be no sequence similarity outside of the conserved repeats.
These analyses demonstrate that the Myb family of proteins consists of numerous heterogeneous evolutionary lineages and that there is evidence that plant and animal lineages are unrelated beyond the conserved DNA-binding domain. The results lead to the conclusion that what is now thought of as Myb proteins in animals and plants are separate lineages of proteins coded for by different genes related only by a ''Myb-box'' DNAbinding motif.
